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†Department of Physics and Astronomy and ‡Department of Molecular Physiology and Biophysics, Vanderbilt University, Nashville, TennesseeABSTRACT Bacteriophage T4 Lysozyme (T4L) catalyzes the hydrolysis of the peptidoglycan layer of the bacterial cell wall
late in the infection cycle. It has long been postulated that equilibrium dynamics enable substrate access to the active site
located at the interface between the N- and C-terminal domains. Crystal structures of WT-T4L and point mutants captured
a range of conformations that differ by the hinge-bending angle between the two domains. Evidence of equilibrium between
open and closed conformations in solution was gleaned from distance measurements between the two domains but the
nature of the equilibrium and the timescale of the underlying motion have not been investigated. Here, we used fluorescence
fluctuation spectroscopy to directly detect T4L equilibrium conformational fluctuations in solution. For this purpose, Tetrame-
thylrhodamine probes were introduced at pairs of cysteines in regions of the molecule that undergo relative displacement
upon transition from open to closed conformations. Correlation analysis of Tetramethylrhodamine intensity fluctuations
reveals hinge-bending motion that changes the relative distance and orientation of the N- and C-terminal domains with
y15 ms relaxation time. That this motion involves interconversion between open and closed conformations was further
confirmed by the dampening of its amplitude upon covalent substrate trapping. In contrast to the prevalent two-state model
of T4L equilibrium, molecular brightness and number of particles obtained from cumulant analysis suggest that T4L populates
multiple intermediate states, consistent with the wide range of hinge-bending angles trapped in the crystal structure of T4L
mutants.INTRODUCTIONBiological function often entails changes in proteins’ three-
dimensional structures, enabling the population of distinct
conformational substates (1). Sampling of these substates
occurs over a hierarchy of timescales and involves large-
amplitude movements of secondary structures and domains.
Conformational sampling has been implicated in diverse
biological mechanisms such as enzymatic catalysis, kinase
activation, ion channel gating, transporter alternating access
(2,3), and receptor signaling (1). Protein motion facilitates
the proper coordination of active site residues with ligands
(4) and can be the rate-limiting process in catalysis (4–6).
The ability of certain proteins to bind various types of
targets has also been linked to their flexibility (1,7).
Signaling involves a shift between fluctuating energy states
in response to one or more inputs (1,7). In addition, it
has become increasingly clear that protein dynamics plays
a crucial role in the mechanism of allostery. According
to a recent view of allostery, the conformational changes
that occur during an allosteric event are sampled at equilib-
rium (8–10).
The hypothesis of equilibrium fluctuations in Bacterio-
phage T4 lysozyme (T4L) has its genesis in crystallographic
studies of wild-type (WT) and point mutants (11–13). T4L
is a globular protein that breaks down the Escherichia coli
cell wall during infection of the bacteria by the phage
(14). The three-dimensional structure is organized in twoSubmitted April 20, 2012, and accepted for publication July 16, 2012.
*Correspondence: hassane.mchaourab@vanderbilt.edu
Editor: Kathleen Hall.
 2012 by the Biophysical Society
0006-3495/12/10/1525/12 $2.00domains joined by a long helix. The active site cleft, where
hydrolysis of the glycosidic linkage takes place, is located at
the interface between the two domains. The observation of
an occluded active site in early crystal structures of the
WT T4L stimulated the conjecture of relative movement
between the two domains that enables substrate access
(13). Hints of such motion were inferred from subsequent
crystal structures of point mutants that exposed a series of
conformations where the active site is substantially more
open (11,12). The transformation, referred to as a hinge-
bending, consists of a rotation of one domain relative to
the other about an axis running through the interface of
the two domains opening the active site cleft by as much
as 8 A˚ (15).
Direct evidence of a hinge-bending motion in solution,
manifested as equilibrium between open and closed confor-
mations, was obtained from electron paramagnetic reso-
nance (EPR) analysis of distances between the two
domains (16). In contrast to the long-held view that the
closed conformation is energetically more favored,
distances between spin-label pairs with a member in each
domain suggested a substantial population of open confor-
mations in solution. This conclusion was reinforced by
distance measurements between the same spin-label pairs
in a mutant background (T26E) that covalently traps the
substrate in the active site (17). The crystal structure of
this mutant shows a negative hinge-bending angle; that is,
a closing of the active site relative to the WT (17). The
pattern of EPR distance changes obtained from comparison
of distances between substrate-bound and substrate-freehttp://dx.doi.org/10.1016/j.bpj.2012.07.053
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cleft upon substrate binding. These findings confirmed that
the open structures are not merely distortions caused by
the mutations and/or crystal packing but represent the
consequence of intrinsic hinge-bending motion. This
conclusion was supported thereafter by a nuclear magnetic
resonance (NMR) study of dipolar coupling between the
two domains (14) and by molecular-dynamics (MD) simula-
tions that have corroborated the presence of domain motion
in T4 lysozyme at equilibrium (18–20).
Although the presence of a hinge-bending motion in T4L
is now widely accepted, the question of its timescale is still
outstanding. For large-scale domain motions, a theoretical
estimate of ~10 ps–10 ms has been suggested (21). An
upper-bound estimate of ~160 ms for the domain motion
in T4L was deduced from NMR studies of the average struc-
ture in solution (14). A number of MD studies have also
attempted to give a timescale for the domain motion in
T4L. However, the computational cost of performing simu-
lations for a reliable duration has made this task difficult. As
a result, MD studies have been forced to resort to extrapola-
tion techniques like principal component analysis or essen-
tial dynamics analysis to bypass the limited sampling
constraint of simulations.
de Groot et al. (19), utilizing classical MD combined with
essential dynamics analysis, observed a transition from the
closed to an open conformation within 1 ns (14). Consid-
ering that the duration of the simulation was 1 ns and
that the choice of force-field type seems to influence the
simulations themselves (22), the reliability of the time-
scale put forth is questionable. Fluorescence resonance
energy transfer (FRET) has been applied to investigate
the conformational dynamics of T4L in the presence of
substrate (23,24). It was observed that the formation
of the enzyme-substrate complex involves the population
of six intermediate conformations and occurs in approxi-
mately milliseconds. The study pointed out that equilibrium
hinge-bending motion (in the absence of substrate) is
expected to be faster than the nonequilibrium timescale
obtained in the presence of substrate (24).
A related question pertains to the nature of the equilib-
rium between T4 lysozyme conformations in solution.
Contemporary models, formulated on the basis of crystallo-
graphic analysis, postulate a two-state equilibrium between
an open and a closed conformation (15). However, careful
inspection of structures in different crystal environments
reveals a range of >50 in hinge-bending angles relating
the N- and C-terminal domains (15). Thus, the variability
observed in the crystal suggests a continuum of conforma-
tions between the two extremes defined above as open and
closed. Consistent with this model, MD simulations have
identified a range of states with intermediate openings of
the active site (19). Nevertheless, for reasons related to
ensemble averaging, NMR and EPR data were interpreted
in terms of a two-state equilibrium.Biophysical Journal 103(7) 1525–1536In this study we exploit the single-molecule aspect of
fluorescence fluctuation spectroscopy to address two key
questions pertaining to T4L dynamics—the timescale of
its hinge-bending motion, and the nature of its conforma-
tional equilibrium. In general, fluorescence fluctuation spec-
troscopy consists of two types of techniques: fluorescence
correlation spectroscopy (FCS) and brightness or cumulant
analysis (CA).
FCS, through the analysis of fluorescence fluctuations,
allows the temporal characterization of various processes
spanning multiple orders of magnitude in timescale. Since
its introduction in the early seventies (25), FCS has been
used to examine a variety of systems including the photo-
physical behavior of fluorescent proteins (26,27) as well
as macromolecular diffusion and interactions (28,29). In
addition, FCS has been demonstrated to be a powerful
tool for the investigation of equilibrium protein conforma-
tional and folding dynamics (30–35). Hence, this technique
is inherently suited to study the type of domain motion
observed in T4L with the ultimate goal of obtaining a fluctu-
ation timescale.
Cumulant analysis uses factorial cumulants of the de-
tected photon counts to determine molecular brightness
and relative population values, complementing information
obtained from FCS (36–38). To investigate the equilibrium
dynamics of T4 lysozyme in solution, tetramethylrhod-
amine (TAMRA) probes were introduced at residue pairs
whose relative proximity is altered in the transition between
open and closed conformations (15,16). FCS measurements
from multiple sites reveal T4 lysozyme dynamic conforma-
tional equilibrium involving opening and closing of the
active site. Furthermore, the results establish the presence
of multiple intermediate conformations in contrast to the
prevailing two-state model.MATERIALS AND METHODS
Sample preparation
T4 lysozyme was expressed and purified as described previously in
Mchaourab et al. (39). T4L mutants with covalently bound substrate were
constructed via the T26E mutation that enables the two sugar moieties of
the peptidoglycan to be trapped in the active site (17). Labeling using
2-((5(6)-tetramethylrhodamine)carboxylamino)ethyl methanethiosulfonate
(TAMRA; Toronto Research Chemicals, Toronto, Ontario, Canada) was
carried out in 20 mM phosphate buffer pH 7.2 (100 mM sodium chloride,
0.1 mM ethylenediaminetetra acetate, and 0.02% sodium azide) with 20%
glycerol (v/v). TAMRA was added in 10-fold excess and the samples
were incubated at room temperature for 4 h and then placed on ice overnight.
Excess TAMRA was removed by extensive dialysis with Spectra/Por
MWCO 8000 Dialysis membranes (Sigma-Aldrich, St. Louis, MO), desalt-
ing using an HiTrap column (GE Healthcare, Piscataway, NJ), and then a
size exclusion chromatography column (Superdex75; GE Healthcare).
Mutants with single TAMRA are designated as T4L-R, where R is the
residue number where TAMRA has been introduced. Similarly, mutants
with two TAMRA fluorophores are designated as T4L-R1/R2 and those
with covalently bound substrate as T4L-R1/R2S. All spectroscopic
measurements were carried out in phosphate buffer.
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Bulk fluorescence emission from TAMRA-labeled T4L was collected with
a spectrofluorometer (Photon Technology International, Lawrenceville,
NJ). Samples were excited at 535 nm and emission was recorded from
550 nm to 650 nm. Emission peaks at ~580 nm are reported. All samples
were at a concentration of 2 mM.Fluorescence fluctuation spectroscopy
All experiments were performed on an Alba FCS unit (ISS, Champaign, IL).
This consists of a mode-locked Ti:Sapphire laser (Mira 900; Coherent,
Santa Barbara, CA) pumped by a Nd:YVO4 laser (Verdi V-5; Coherent)
for two-photon excitation at a wavelength of 800 nm. The beamwas directed
to the side port of an inverted TE2000-U microscope (Nikon, Melville, NY)
with a 60 (NA ¼ 1.2) Plan-Apochromat water immersion objective. The
power, determined at a reference point outside the microscope, was 20 mW
for all measurements unless specified. Emission was separated from
excitation with a dichroic mirror (700dcxr; Chroma Technology, Bellows
Falls, VT) and a shortpass filter (E700SP-2p; Chroma) followed by a
beam splitter (BS-21000; Chroma) for FCS experiments or a dichroic/
bandpass set (565dcsp/ET610/60-2p, Chroma) for cumulant analysis (CA)
experiments. In FCS experiments, the beamsplitter allowed detection of
emission with two avalanche photo diodes (SPCM-AQR-15; Perkin-Elmer,
Waltham, MA) for two-channel autocorrelation, to remove detector after-
pulsing effects (32). A single channel was used for CA experiments.
A data acquisition board with time-mode and photon-mode acquisition
capability and internal clock frequency settings of 24 and 50 MHz was
used to process output from the detectors. FCS data were acquired in
time-mode at 500 kHz sampling rate and internal clock of 24 MHz.
Multiple data sets were acquired, which were then averaged for the anal-
ysis. For cumulant analysis, data were collected at 800 kHz in time-mode
and 50 MHz internal clock frequency. The data acquisition time was
45–60 s. Detail on data analysis is given in the Supporting Material.FIGURE 1 (A) Crystal structures of T4 Lysozyme in the closed (wild-type PD
shown in the first and second rows, respectively (residues selected for labeling in
selected residue pairs (Table 1) as a result of the hinge-bending motion involving
sity changes from analysis of steady-state fluorescence (576–581 nm) at the selec
strating that TAMRA probes report the shift in equilibrium between open and cRESULTS
Experimental design
In a typical FCS experiment, an excitation beam is focused
by a high numerical aperture objective and directed into
a solution of fluorescent molecules of very low concentra-
tion (~nM). Furthermore, utilizing two-photon excitation
produces an extremely small (~fL) excitation volume.
Because of the resulting small number of particles, diffusion
through the observation volume causes the detected emis-
sion to fluctuate. The correlation of this fluctuation as a func-
tion of delay time, G(t), produces a curve with a decay
profile reflecting molecular diffusion. Analysis of G(t)
with the appropriate FCS model (see Eq. S1 in the Support-
ing Material) yields the corresponding diffusion coefficient.
If other kinetic processes cause fluctuations in emission
intensity while the molecules are within the observation
volume, i.e., if these processes are faster than diffusion,
the correlation curve will contain multiple decay profiles
or components (26,32).
Hinge-bending motion in T4L results in changes in the
relative distance and orientation of the N- and C-terminal
domains. To detect the transition between the open and
closed conformations in solution, Mchaourab et al. (16)
measured short-range distances between spin-label pairs
attached at sites selected to provide a distinctive pattern of
distances for each conformation. In Fig. 1 A, the closed
(top row) and open (middle row) structures have been
aligned (residues 15–60) to depict distance changesB: 2LZM) and open (M6I mutant, PDB: 150L, chain c) conformations are
red). The third row is a close-up view to highlight proximity changes for the
closed and open conformations as depicted in the first two rows. (B) Inten-
ted residue sites, of the same pair in the WTand T26E backgrounds, demon-
losed conformations.
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1528 Yirdaw and Mchaourabpredicted to occur at these pairs (Table 1). For instance,
residues 22 and 109 are separated by ~15 A˚ in the open
conformation versus 17 A˚ in the closed conformation.
We reasoned that these pairs, which report hinge-bending
by EPR spectroscopy (16), would show modulation of fluo-
rescence by our employing FCS if the appropriate fluoro-
phore is used. Specifically, the fluorescence intensity
should be quenched as a function of proximity, thus
enabling the observation of the interconversion between
open and closed conformations. For this purpose, we
selected the fluorophore Tetramethylrhodamine (TAMRA)
that has previously been shown to undergo self-quenching
at short distances (30). Furthermore, this fluorophore is a
derivative of rhodamine that belongs to the family of
xanthenes. Multiple studies have examined the photophysi-
cal properties of rhodamines at considerable length, demon-
strating that they are able to form ground-state complexes,
commonly referred to as H-dimers (40,41). H-dimers have
two signature characteristics: a severe fluorescence quench-
ing, of 90% or more, and a blue-shifted absorbance peak
(42,43). The distances reported in Table 1 suggest that the
TAMRA probes, which are expected to project toward
each other, will be close enough for self-quenching and
possibly for the formation of dark dimers.
To test the suitability of TAMRA for detection of T4L
open to closed transition, we carried out steady-state fluo-
rescence intensity analysis of the pairs reported in Table 1.
The closed conformation was stabilized by the covalent
trapping of the substrate in the T26E mutant background.
We observed (Fig. 1 B and data not shown) that 1), the
distances between the sites in Table 1 allow for extensive
quenching of fluorescence in one conformation, and 2),
that these TAMRA-labeled pairs report the domain motion
induced by covalent substrate binding leading to large inten-
sity changes. These results predict intermittent quenching of
TAMRA fluorescence as a result of T4L hinge-bending
motion. If this fluctuation occurs with a relaxation time
faster than the time of diffusion for T4L, then it can be de-
tected by FCS. Analysis of the correlation curve with the
appropriate model (see the Supporting Material) yields
characteristics of the underlying protein dynamics.
Excitation-driven processes, namely intersystem crossing
and flickering, reported for some fluorophores and fluores-TABLE 1 Ca distances in the open and closed conformations
of residue pairs selected for labeling with TAMRA, shown in
Fig. 1 A
Mutant Open (A˚)* Closed (A˚)y
4/60 10.5 14.5
22/109 15.3 17.3
22/137 17.6 12.0
35/109 17.4 16.1
35/137 25.3 17.0
*Mutant (M6I) structure, PDB: 150L (chain c).
yWT structure, PDB: 2LZM.
Biophysical Journal 103(7) 1525–1536cent proteins are two examples of kinetic processes
(27,44) that could cause intensity fluctuations. To exclude
excitation-driven processes for TAMRA, a set of FCS
measurements at various power levels was taken (see
Fig. S1 in the Supporting Material). The correlation curves
showed only a single decay profile belonging to the diffu-
sion of fluorophores through the observation volume.
Thus, TAMRA does not show excitation-driven behavior.FCS reveals T4L equilibrium hinge-bending
motion
Detection of hinge-bending motion relies on the ability to
distinguish between intermittently quenched and non-
quenched fluorophores from the correlation curves. In the
case of nonquenched pairs and the equivalent case of a single
fluorophore, the correlation curve is expected to consist of
a single component arising from molecular diffusion
through the observation volume. To measure T4L diffusion
by FCS and establish the single-component nature of
the corresponding correlation curve, we analyzed the
TAMRA-labeled double mutants T4L-61/135 and T4L-65/
135 (Fig. 2) where the residue separation of ~35 A˚ is too
large for fluorescence quenching. Consequently, the correla-
tion curve for mutants labeled with either a noninteracting
TAMRA pair (T4L-61/135, 65/135) or a single TAMRA
probe (T4L-151) consists of a single decay component
corresponding to diffusion of the molecules through the
observation volume. The correlation curves are fit by
the diffusion-only model (solid line) (see Eq. S2 in the
Supporting Material). The determined diffusion coefficients
were 85 mm2/s for the single and 82 mm2/s for the double
mutants, in good agreement with the expected value of
88 mm2/s calculated through the relation between molecular
weight and diffusion coefficient, i.e., D f (molecular
weight)1/3 (45).
In contrast, correlation curves for double mutants (Fig. 3
and see Fig. S2) monitoring the active site cleft or the inter-
face between helices A and C (residues 4/60) (Fig. 1 A)
display a distinctly multicomponent profile. As expected,
the diffusion-only model fails to fit the correlation curves
(solid lines in Fig. 3); the lack-of-fit is particularly visible
at short delay times (see Fig. S2). In each case, a prominent
second decay component, well separated from that of diffu-
sion, is observed. This second decay component occurs in
a faster time regime than diffusion. The diffusion/quenching
model provides a description for this additional process as
highlighted by the fits of the correlation curves (see Eq.
S2 in the Supporting Material, and see dashed lines in
Fig. 3). The model approximates the kinetic process by an
equilibrium between two states. One of the states is assumed
to be nonfluorescent (see the Supporting Material), arising
from a T4L conformation or set of conformations wherein
the fluorophores separation enables substantial self-quench-
ing (see Eq. S4 in the Supporting Material). In contrast, the
FIGURE 2 Representative correlation curves for singly (T4L-151) and doubly (T4L-65/135, T4L-61/135) labeled T4L mutants are shown. The curves
consist of a single decay component arising from the diffusion of molecules through the observation volume. A fit to the diffusion-only model, seen in
Eq. S1 in the Supporting Material, is superimposed (solid line).
T4 Lysozyme Hinge-Bending Motion by FCS 1529second state is fluorescent and corresponds to conforma-
tion(s) of the protein where the fluorophores are separated
by enough distance to reduce or prevent fluorescence
quenching.FIGURE 3 Correlation curves for TAMRA-labeled T4L double mutants show
between helices A and C. All of the curves contain an additional decay compo
for the new decay component is faster than that of diffusion. The best fit for these
S2 in the Supporting Material) and the corresponding parameters are given in T
only model (solid line, see Eq. S1 in the Supporting Material) yields a poor fitThe extracted relaxation times, fast-component ampli-
tudes, and nonfluorescent state populations are given in
Table 2 (see Table S2 in the Supporting Material). The
robustness and uniqueness of the fits are demonstrated byn in Fig. 1 A. These pairs monitor the active-site region and the interface
nent not observed in the control mutants shown in Fig. 2. The time regime
curves is obtained from the diffusion/quenching model (dashed line, see Eq.
able 2 and Table S2 in the Supporting Material. As expected, the diffusion-
for short time delays (see Fig. S2 in the Supporting Material).
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TABLE 2 Parameters obtained from diffusion/quenching
model fits of the correlation curves for the dynamic regions of
T4L (nR 9)
Mutant tR (ms) Amplitude [nonfluorescent state fraction (%)]
4/60 8.5 5 1.1 1.205 0.10 [54.4]
22/109 22.65 11.1 0.335 0.04 [25.0]
22/137 13.35 2.7 0.785 0.08 [43.7]
35/109 36.35 11.1 0.545 0.06 [34.9]
35/137 10.25 2.1 0.375 0.04 [26.7]
1530 Yirdaw and Mchaourabwell-defined minima in c-square surface search (46) (see
Fig. S3). Except for the 35/109 pair, the relaxation times
cluster in the range of 10–20 ms. The observed variability
most likely arises from minor perturbations due to the incor-
poration of the fluorophore. This is particularly likely for
4/60 where Phe4 engages in packing interactions in the
open conformation. Although the substitutions do not per-
turb the overall fold or inhibit activity as evidenced by cova-
lent trapping of substrate (see below), they may lead to
minor shifts in relative stability of substates or alter the cor-
responding energy barrier for the transition. The nonfluores-
cent state population in Table 2 represents the fraction of
T4L molecules where the TAMRA probes are close enough
to have a fully or substantially reduced fluorescence. De-
pending on the residue pair, this population may be associ-
ated with the open or closed conformations. We note that the
fraction of nonfluorescent molecules is determined relative
to the total number of particles, hNi, in Eq. S2 in the Sup-
porting Material. Thus, hNi represents molecules that transi-
tion between the fluorescent and nonfluorescent states
during diffusion through the observation volume.
To further ascertain that the observed fluctuations are
a result of domain motion associated with opening of the
active site, FCS data on double mutants separated by
a similar distance were also collected from a region of the
protein unaffected by the crystallographic open-to-closed
transformation. In the selected TAMRA-labeled pairs,FIGURE 4 T4L with TAMRA pairs (T4L-131/135, T4L-151/154) located in r
(A) steady-state fluorescence (574–578 nm) and (B andC) FCS. For both mutants
quenching as evidenced by the reduction in peak emission intensity values, give
T4L-131/135 shown in panel B, with fits to the diffusion-only (solid line) and dif
fast component that is attributed to local structural dynamics. The curve for T4L
diffusion-only model (solid line).
Biophysical Journal 103(7) 1525–1536T4L-131/135 and T4L-151/154, the two fluorophores are
located in close proximity such that their steady-state fluo-
rescence is severely quenched (Fig. 4 A). Representative
correlation curves for these mutants along with their fits
are shown in Fig. 4, B and C. Neither of these mutants shows
a substantial second decay component that resembles the
ones observed for the active-site region or the interface
between helices A and C. Although an incipient second
component is observed at very short delay times (Fig. 4 B,
see below), it appears to reflect faster motion, possibly local
backbone dynamics that modulates the proximity of the
probes. FCS analysis performed at a higher temporal resolu-
tion by increasing the sampling rate from 500 kHz to
20 MHz reveals that the second component primarily
reflects submicrosecond motion (data not shown). Thus,
the second component in pairs such as 22/137 cannot arise
from the flopping of the fluorophores. The relaxation time
for such fluctuations is expected to be on the order of nano-
seconds or shorter—well faster than what is detectable in
our measurements (32).
Having excluded dynamics of secondary structures and/or
the fluorophore pairs and excitation-driven photophysics of
TAMRA, these findings indicate that the microsecond relax-
ation time fluctuation observed for the active-site region as
well as the interface between helices A and C is a result of
domain motion associated with transition between open and
closed conformations.Substrate-induced shifts in T4L equilibrium
fluctuations
To confirm that the second component in the correlation
curves reports hinge-bending dynamics, we carried out
FCS measurements in the T26E mutant background. It
has been shown that introducing the mutation T26E
covalently traps the basic component of E. coli peptido-
glycan—the two sugar moieties (n-acetyl/muramic acidegions of the protein unaffected by the hinge-bending motion monitored by
, the fluorophores are separated by<8 A˚ resulting in substantial fluorescence
n in panel A, relative to T4L-65/135. A representative correlation curve for
fusion/quenching (dashed line) models, hints at the presence of an incipient
-151/154, shown in panel C, has a single decay component and is fit to the
T4 Lysozyme Hinge-Bending Motion by FCS 1531and n-acetyl/glucosamine) and a peptide chain (17) in
the active site during the purification of the protein from
E. coli. In the crystal structure, the n-acetyl/muramic acid
component is covalently linked to the introduced glutamate.
The structure determined by Kuroki et al. (17) of this
T4L-substrate complex showed a negative hinge-bending
angle where the two domains further close the active site
relative to the structure of the WT. Furthermore, the EPR
analysis of T4 lysozyme structure (16) has shown that
substrate binding selectively stabilizes the closed conforma-
tion in solution. Therefore, within the framework of the two-
state FCS model, the conformation of this substrate-bound
form of T4L makes up one of the fluctuation states. FCS
experiments under this condition would provide us with
a reference for the equilibrium measurements.
The mutants showing microsecond relaxation time fluctu-
ations were prepared with a covalently bound substrate via
the T26E mutation (see Materials and Methods). FCS
measurements were carried out under the same conditions
as the substrate-free mutants. The correlation curves for
these mutants are shown in Fig. 5 (see Fig. S4) along withFIGURE 5 Correlation curves for TAMRA-labeled T4L double mutants in th
quenching models, shown in solid and dashed lines, respectively.) Relative to t
fast component amplitude (Table 3 and see Fig. S4), consistent with substrate-ind
sion of the fast decay component in the correlation curves is likely due to the pthe corresponding fits. For all of the mutants, the curves
show a decrease in the fast component amplitude relative
to that of the substrate-free mutants (Fig. 3, Table 3).
Conceptually, the lack of a fast component in a correlation
curve corresponds to a lack of fluorescence fluctuations that
are faster than those caused by diffusion. In the limit where
all the T4L molecules trap their substrate, the contribution
of hinge-bending motion should be frozen out. Hence, the
protein is no longer undergoing structural fluctuations, the
source for the fast decay component in the correlation
curves. The decrease in the fast component amplitude is
therefore in agreement with the shift in equilibrium ex-
pected upon substrate binding. Thus, these results directly
show that the structural changes in the active site region
and the interface between helices A and C caused by
substrate binding correspond to a dampening of protein
dynamics.
Although the T26E background significantly attenuates
the second component in the decay curves, the smaller,
albeit discernible, fast-decay component may reflect the
presence of a small fraction of molecules without substrate.e T26E background. (Curves were fit to the diffusion-only and diffusion/
he substrate-free mutants (see Fig. 3), these curves show a decrease in the
uced dampening of hinge-bending dynamics. The lack of complete suppres-
resence of T4L populations without substrate.
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TABLE 3 Fast component amplitudes representing
fluctuations between open and closed conformations from
diffusion/quenching model fits of the correlation curves for the
dynamic regions (n R 5)
Mutant Amplitude (substrate-bound) Amplitude (substrate-free)
4/60S 0.615 0.04 1.205 0.10
22/109S 0.225 0.07 0.335 0.04
22/137S 0.155 0.05 0.785 0.08
35/109S 0.115 0.03 0.545 0.06
35/137S 0.215 0.03 0.375 0.04
1532 Yirdaw and MchaourabA similar incomplete trapping of substrate was also reported
by Mchaourab et al. (16) and independently verified for
TAMRA-labeled 4/60 by mass spectrometry and the use
of sodium dodecyl sulfate-polyacrylamide gel electropho-
resis analysis (data not shown).Does hinge-bending motion modulate the
dynamics of the interdomain helix?
The two domains of T4 lysozyme are connected by a helix
20-residues-long (residues 61–80). Hinge-bending motion
entails changes in the backbone torsion angles at the
N- and C-terminal residues of this helix (15). However,
comparison of the open and closed crystal structures do
not reveal alterations in the helix backbone. With the aim
of examining the dynamics of this helix in solution, we de-
signed a set of three double mutants spanning its lengths:
T4L-65/69, T4L-65/72, and T4L-65/76. Fig. 6 A shows
a correlation curve for TAMRA-labeled T4L-65/69, whichBiophysical Journal 103(7) 1525–1536reports on the first two turns of the helix. The shape of
this curve is distinct from that observed for the dynamic
regions of the protein in that it lacks a fast decay component
and can be fit to the diffusion-only model.
In contrast, a prominent fast component is clearly visible
in the correlation curve for T4L-65/72, as shown in Fig. 6 B.
The curve for T4L-65/76 (Fig. 6 C) is similar, with large
fast-component amplitude. Considering that the two resi-
dues are separated by >15 A˚ (three helix turns), this result
implies significant bending of the helix. Interestingly,
substrate binding did not decrease the fast component
amplitude in T4L-65/76 (Fig. 6 D). Together, the correlation
curves for T4L-65/72 and T4L-65/76 are the first reported
evidence, to our knowledge, that the long helix is dynamic.
The observed fluctuations are faster than those associated
with the hinge-bending motion, as evidenced by their relax-
ation times (Tables 2 and 4). The fact that substrate binding
did not reduce the fast-component amplitude indicates that
the motion persists even in the closed conformation. A flex-
ible interdomain helix may be required to facilitate the
opening and closing of the active site.Equilibrium conformational states and
populations
As noted above, the average number of molecules in the
observation volume can be experimentally determined
from fitting the correlation curves (hNi in Eqs. S1 and S2
in the Supporting Material) or by cumulant analysis
(36–38) of photon counts. This number reflects TAMRAFIGURE 6 Dynamics of T4L interdomain helix
reported by TAMRA-labeled T4L double mutants.
(A) The single component correlation curve for
T4L-65/69 is fit to the diffusion-only model (solid
line). (B) and (C) Correlation curves for T4L-65/72
and T4L-65/76, fit to the diffusion/quenching
model (dashed line), indicate the presence of
dynamic modes along the helix. The corresponding
relaxation time values (Table 4) point to a motion
that is faster than that observed for the dynamic
regions. (D) The correlation curve for the
substrate-bound T4L-65/76, fit to the diffusion/
quenching model (dashed line), shows that the
dynamics is not dampened by substrate binding.
TABLE 4 Diffusion/quenching model fit parameters of
correlation curves for T4L mutants along the interdomain helix
(n R 5)
Mutant tR (ms) Amplitude [nonfluorescent state fraction (%)]
65/72 3.7 5 0.4 1.265 0.19 [55.6]
65/76 4.3 5 1.0 0.895 0.16 [46.8]
65/76S 2.3 5 0.5 1.075 0.21 [51.2]
T4 Lysozyme Hinge-Bending Motion by FCS 1533molecules that sample a fluorescent state during diffusion.
Using the experimentally determined observation volume
(47), an expected number of particles can be calculated
based on UV-Vis absorbance of T4L at 280 nm. We found
that concentrations calculated from absorbance measure-
ments agree with those determined experimentally by cumu-
lant analysis (CA) (Fig. 7 A) and FCS (data not shown) for
mutants where the fluorophores are too far apart for quench-
ing. In contrast, a significant discrepancy was observed
for doubly labeled mutants where the fluorophores are ex-
pected to come into contact, either due to the dynamics of
the protein (e.g., 22/109) or their close proximity (e.g.,
151/154). This discrepancy implies that only a fraction of
the T4L molecules samples the fluorescent state as they
pass through the observation volume.
To determine the source of the difference in particle
numbers, a separate accounting of the number of T4L and
TAMRA molecules was carried out for each mutant. All
samples were initially prepared at the same concentration
(2 mM) as determined by UV-Vis absorbance and then
diluted by ~20–200-fold for CA measurements. Dithiothrei-
tol (DTT) was then added to release TAMRA probes that are
conjugated to the protein via disulfide bonds. The number of
particles was determined by CA before and after DTT
addition (Fig. 7 A). The measured values in the absence of
DTT (open bars) reflect the number of T4L molecules
while, in the presence of DTT, the number (hashed bars)
is expected to be twice the number of T4L, assuming
all T4L double mutants are stoichiometrically labeled.
Labeling efficiency was verified from absorbance measure-FIGURE 7 (A) Average number of particles determined from CA prior (open b
the number of particles increases by a factor of two approximately, as expecte
released TAMRA is greater than twice the number of T4L molecules, revealin
fractions, as determined by the relation given in Eq. 1. (C) Molecular brightness f
per second per molecule, hcpsmi) shows significant quenching as a result of thements and for selected mutants by mass spectrometry (data
not shown).
Fig. 7 A shows that the particle numbers calculated by CA
and absorbance are approximately equal for T4L-65/135. In
contrast, for a majority of the other mutants, the TAMRA
populations are significantly larger than twice the corre-
sponding T4L populations. Thus, there exists a fraction of
T4L molecules that are undetected, presumably in a nonflu-
orescent state for the duration of diffusion through the
observation volume. Consistent with this conclusion, UV-
Vis absorbance spectra for all T4L double mutants,
excluding T4L-61/135 and T4L-65/135, show the presence
of a blue-shifted peak (data not shown). Given the short
distances between residue sites in the T4L mutants, the flu-
orophores are close enough to form dark or H-dimers. The
fraction of these can be calculated using the relation
1 hNi
0:5hNiDTT
: (1)
In Eq. 1, the average number of molecules in the observation
volume with and without DTT is given by hNiDTT and hNi,
respectively. Fig. 7 B shows the fraction of dark dimers
deduced from Eq. 1. Double mutants that do not experience
hinge-bending dynamics, but where the fluorophores are
close enough for formation of H-dimers, have a substantial
fraction of particles that are not detected by FCS or CA. For
these mutants, the distance between the fluorophores makes
fluorescent states highly improbable. For instance, the
molecular brightness for T4L-151/154 as determined by
CA (Fig. 7 C), is well below that of TAMRA, illustrating
the extent of quenching. The fact that emission is detected
for this mutant is likely due to the fluorophores disengaging
and assuming a configuration that reduces quenching. That
the corresponding correlation curve did not show a fast
decay component reflects the fact that fluorophore dynamics
is faster than the resolution of our instrument, likely in a sub-
nanoseconds time regime (32).ars) and subsequent (hashed bars) to the addition of DTT. For T4L-65/135,
d for stoichiometrically labeled T4L. For all other mutants, the number of
g the presence of dark T4L populations. (B) The corresponding dark T4L
or the control mutant T4L-151/154 as it compares to that of TAMRA (counts
close proximity of the fluorophores.
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phores is dependent on the hinge-bending angle such as
T4L-4/60 and T4L-22/109, the percentage of dark dimers
is modulated by the binding of substrate. Thus, similar to
the two-component correlation curves, the dark dimers in
these mutants represent conformational states associated
with domain motion. For the 4/60 double mutant, substrate
binding, which stabilizes the closed conformation, causes
a movement of helix A away from site 60; hence the decrease
in the population of dark dimers. At 22/109, EPR analysis
shows that residue 22 moves away from 109 upon closing
of the active site. Here the residual percentage of dark dimers
is indistinguishable from that of 65/135, where the distance
between the fluorophores precludes the formation of such
dark populations. A similar change in dark dimer population
is observed for 35/109, pointing to a decrease in distance
between 35 and 109 with substrate binding.
Taken together, these results demonstrate that dark dimers
reflect T4L conformations related to each other by hinge-
bending. A substantial fraction of these dimers is not detect-
able in the FCS analysis because they do not transition to
a conformation in which they are fluorescent during diffu-
sion through the observation volume. The discrepancy
between the nonfluorescent population calculated after
DTT-induced TAMRA release and those from FCS (Table 2)
arises because the latter is normalized to the detectable
number of particles that undercount the total number of
particles in the observation volume. Thus, T4L samples
a series of equilibrium conformations wherein the TAMRA
probes are close enough for substantial fluorescence
quenching. Although the number of these states and their
structures cannot be deduced from this analysis, their exis-
tence revealed by particle accounting excludes the model
wherein T4L is in a two-state equilibrium.DISCUSSION
Here we report a fluorescence fluctuation spectroscopy
study of T4 lysozyme dynamics in solution. FCS captures
conformational dynamics in the active site as well as at
the interface between helices A and C—regions of the
protein that undergo relative displacement in the transfor-
mation between the crystallographic open and closed
conformations (15). Direct evidence of hinge-bending
motion is manifested in the correlation curves as a second
component distinct from that of diffusion. This component
arises from fluctuations in the fluorescence as the two
TAMRA probes are stochastically brought into close prox-
imity, leading to quenching and the formation of dark
dimers. At pairs such as 4/60 and 22/109, both fluorescence
and spin labels (16) converge to report conformational
heterogeneity as the protein samples conformations with
different distance and orientation between the two domains.
Furthermore, substrate binding reduced the amplitude of
the second component in the correlation curve, in agreementBiophysical Journal 103(7) 1525–1536with a shift in equilibrium toward the closed conformations.
We find evidence of dynamics along the interdomain helix
that has not been reported previously. Helix fluctuations
persist upon substrate binding and transition to the closed
state. The exclusion of fluorophore photophysics and
secondary structure/fluorophore dynamics as sources of
the observed second components supports our contention
that the fluctuations represent dynamic modes of the protein.
Although T4L hinge-bending motion has long been postu-
lated (15), FCS enables a determination of its timescale in
the range of ~10–20 ms. Relaxation times in the range of
microseconds to hundreds of microseconds have been re-
ported for fluctuations arising from domain motions as
well as transitions to partially unfolded states (30–35).
The model of a two-state equilibrium between open and
closed conformations has its origins in the distribution of
hinge-bending angles as observed in the crystal structures
of 42 T4L mutants (15). Although the hinge-bending angle
values were quite dispersed, on a coarse level they seem to
segregate into two groups: those in the range of 10 and
10 and those in the range of 25 and 40. However, the
sparse population in the intermediate range, which led to
the reductionist two-state model, could be a consequence
of crystal packing similar to the conformational selectivity
that almost exclusively favors the closed structure. EPR
analysis of T4L structure in solution did not have the reso-
lution to distinguish intermediate hinge-bending angles
while the NMR data were interpreted in terms of an average
structure (14,16).
In the FCS analysis, a two-state equilibrium was assumed
so that a relaxation rate could be extracted. Here the two-
state model describes those T4L molecules that transition
from quenched or dark to fluorescent states or vice versa
during transit time in the observation volume. A single
exponential term accounted for the fast decay component
of the correlation curves. That the single-exponential diffu-
sion/quenching model is the appropriate model is not only
supported by comparing reduced c-square values but can
be gleaned visually from superposition of the data and the
respective fits. For example, the average of the reduced
c-square values for T4L-22/137 decreased from 1.978 to
0.758 in going from the diffusion-only to the single-expo-
nential diffusion/quenching model. Furthermore, we can
test whether the addition of a second exponential term is
necessary in a similar way. The reduced c-square values
for the single and double-exponential diffusion/quenching
model (see Eq. S3 in the Supporting Material) fits for
T4L-22/137 were found to be 0.758 and 0.726, respectively.
Thus, addition of the second exponential term does not
improve the quality of the fit, making the single-exponential
model the appropriate choice.
Brightness and number of particles from CA revealed
a large fraction of T4L molecules where the TAMRA probes
remain dark during diffusion through the observation
volume. We interpret these fractions as arising from
T4 Lysozyme Hinge-Bending Motion by FCS 1535multiple T4L intermediates wherein the fluorophore pairs
are in close proximity enabling H-dimer formation. The
alternative interpretation of a very long-lived quenched state
between TAMRA probes that contributes to the excess
dark population is considered unlikely because the fraction
of dark states is modulated by substrate binding, i.e., by
shift in the dynamic equilibrium of T4L. The presence of
such large dark population fractions suggests a multistate
dynamic equilibrium as given by the schematic below.
Instead of a transition between an open and a closed confor-
mation, multiple conformations with intermediate hinge-
bending angles are populated. The requirement imposed
by the CA is that the majority of these states are nonfluores-
cent (D). The predominance of dark states is not unexpected
given the relative size of the probes with respect to the
distances between the sites.
The conclusion that T4L equilibrium involves multiple
conformations with distinct hinge-bending angles is also
supported by a recent study probing T4L nonequilibrium
conformational dynamics (in the presence of substrate)
through the use of an electronic circuit—a carbon nanotube
field-effect transistor (48). Analysis of hinge-bending
motion showed that closure motion occurs in a single step
whereas the opening motion occurs in a minimum of two
steps. The experiments described here were designed to
reflect proximity in a binary fashion. Alternative approaches
such as FRET-based FCS experiments (49) are needed to
distinguish the structural features of intermediates popu-
lated during T4 lysozyme hinge-bending motion.SUPPORTING MATERIAL
Data Analysis, five equations, four figures, two tables, and references
(50–53) are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(12)00919-8.
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